.
OmpR and PhoB bind to the target sites in a tandem array; the recognition helix of each protein penetrates the major groove, and a ␤ hairpin wing interacts with the minor groove (9, 18, 19, 21, 37) . PhoB has been shown to dimerize upon phosphorylation (17) , which increases the DNA binding affinity to the target element. In addition, the receiver domain of PhoB interferes with the DNA binding activity in the C terminus. The isolated CTD of PhoB efficiently binds the target DNA in vitro and activates the pho regulon in vivo, indicating that the receiver domain silences the DNA binding activity, which is released by phosphorylation (16, 37) . In the case of OmpR, the effect of phosphorylation on the activity of the effector domain is more complex. Unlike PhoB, neither unphosphorylated nor phosphorylated OmpR forms a dimer in solution (2) , yet phosphorylation increases the DNA binding affinity of OmpR (2, 20) . The isolated CTD of OmpR is unable to activate transcription (64, 65) unless a stable dimer is artificially generated by introduction of a Cys residue into the C terminus (64) . These results suggest that the contribution of phosphorylation to activation of the effector domain in OmpR is not to relieve inhibition by the receiver domain. One possible reason for this difference in intramolecular communication between the two response regulators is the difference in the linker region connecting the two domains. Both the length of the linker (41) and the extent of the domain interface (59) are believed to contribute differently to the activation mechanisms of response regulators through intramolecular communication.
A novel mode of a dimerization interface between receiver domains was recently reported for B. subtilis PhoP, a response regulator belonging to the OmpR/PhoB subfamily that is involved in pho regulation (for a review see reference 22) . The protein-protein interface includes surface A (␣4, ␤5 loop ␤5-␣5, and ␣5) of one monomer and surface B (␣3, loop ␤4-␣4, and ␣4) of another monomer. This asymmetric interface formation leaves free surfaces A and B from each monomer, which function in multimer formation (7, 12) . This unique interface interaction satisfactorily explains the previous observation that unphosphorylated PhoP forms a dimer and binds the target DNA, although phosphorylation moderately stimulates the binding affinity (36) . Phosphorylation of PhoP may enhance cooperative DNA binding or interactions with other proteins involved in transcriptional activation (7, 36) .
As shown by the studies described above, each response regulator in the OmpR/PhoB subfamily exhibits unique properties for dimerization, the effect of phosphorylation on the DNA binding ability, and transcriptional activation. In order to obtain a full understanding of how ResD activates transcription of the target genes, detailed analysis of ResD both in vivo and in vitro is required. ResD was shown to be a monomer regardless of phosphorylation (69) . Previous studies showed that ResD activates transcription by directly interacting with upstream regulatory regions of the target genes (49, 69) . Unphosphorylated ResD is able to bind the target DNA, and the binding affinity was only moderately stimulated by phosphorylation. In this study we further examined how ResD interacts with DNA to activate transcription and whether phosphorylation is essential for the activation. Our results indicate that ResD activates transcription of the target genes in a phosphorylation-dependent and -independent manner when B. subtilis encounters oxygen limitation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. All B. subtilis strains used in this study are derivatives of JH642 (trpC2 pheA1) ( Table 1) . Escherichia coli DH5␣ was used to propagate plasmids, and E. coli transformants were selected on Luria broth (LB) agar supplemented with 25 g of ampicillin per ml. ResD and ResE proteins were overproduced in E. coli ER2566 and were purified by using the IMPACT system (New England Biolabs), in which the inducible self-cleaving intein tag is used.
To express wild-type resD and a mutant (D57A) resD from the isopropyl-␤-thiogalactopyranoside (IPTG)-inducible Phyperspank (Pspank-hy) promoter, plasmids pMMN546 and pMMN547 were constructed. The wild-type resD gene was amplified by PCR by using oligonucleotides oMN02-205 and oMN02-206 (the oligonucleotides used in this study are listed in Table 2 ). The PCR product, after digestion with SalI and SphI, was cloned into pDR111 (10) that was digested with the same enzymes to generate pMMN546. The mutant resD (D57A) gene was amplified by a two-step PCR. Two overlapping PCR products were generated with the oMN02-205-oMN03-221 and oMN02-206-oMN03-220 primer pairs. Primers oMN03-220 and oMN03-221 are mutagenic primers. The resultant PCR products were used as templates for a second PCR in which primers oMN02-205 and oMN02-206 were used. The product of the second PCR was cloned into pDR111 by using a method similar to that used for construction of pMMN546 in order to generate pMMN547. The resD primary structure in pMMN546 and pMMN547 was verified by DNA sequencing. pMMN546 and pMMN547 were used to transform JH642 with selection for spectinomycin resistance (Spc r ) (75 g/ml), and transformants (ORB4599 and ORB4600, respectively) were screened for the amylase-negative phenotype that is indicative of a double recombination event at the amyE locus. LAB2135 (⌬resDE) was transformed with chromosomal DNA prepared from ORB4599 and ORB4600 to generate ORB4605 and ORB4606, respectively. SP␤ phage lysate carrying fnrlacZ (52) , nasD-lacZ (48), or hmp-lacZ (49) was used to transduce ORB4599 and ORB4600 with selection for chloramphenicol resistance (5 g/ml) (the resulting strains ORB4612 to ORB4614 and ORB4616 to ORB4618 are listed in Table 1 ).
ResD (D57A) was overproduced in ER2566 carrying pMMN539. The mutant (49), respectively. For ResE purification, E. coli was grown in LB with ampicillin at 30°C until the optical density at 600 nm reached 0.5 to 0.6, at which point IPTG was added to a final concentration of 0.5 mM. The cells were then incubated at 30°C for an additional 4 h before they were harvested. The cell pellets were suspended in buffer A (25 mM Tris-HCl [pH 8 .0], 500 mM NaCl, 5% glycerol) and were broken by passage through a French press. The cell lysates were centrifuged at 15,000 ϫ g to remove cell debris, and the supernatant was applied to a chitin column. After the column was washed with buffer B (24 mM Tris-HCl [pH 8.0], 100 mM NaCl, 5% glycerol), it was flushed with buffer B containing 50 mM dithiothreitol (DTT) and kept at 4°C overnight to cleave the intein tag. After elution with buffer B, pooled fractions containing ResE proteins were applied to a High-Q column, and the proteins were eluted with a linear salt gradient (100 to 500 mM NaCl) in buffer B. The fractions containing ResE were combined, dialyzed against 25 mM Tris-HCl (pH 8.0)-100 mM NaCl-5% glycerol, and stored at Ϫ70°C.
For ResD purification E. coli ER2566 strains carrying pXH22 (wild-type ResD) and pMMN539 (D57A mutant) were grown in LB at 30°C, and the expression of resD was induced as described above for resE heterologous overexpression. The cell lysate was prepared by using a method similar to the method used for ResE, except that streptomycin sulfate (1.5%, wt/vol) was added to precipitate nucleic acids with centrifugation at 40,000 ϫ g at 4°C for 30 min. The supernatant was loaded onto a chitin column and washed with buffer C ( (58), which produces the RNAP ␤Ј subunit fused to a 10-His tag. Cells were grown in 2ϫ YT (47) and harvested around 2 h after the end of exponential growth. Purification of RNAP by using Ni-nitrilotriacetic acid has been described elsewhere (35, 58) .
Hydroxyl radical footprinting. The DNA probes hmp (positions Ϫ133 to 27 with respect to the transcription start site) and nasD (positions Ϫ185 to 66), which were used for footprinting, were amplified by PCR by using primers oHG-5 and oHG-6 and primers oMN98-19 and oMN98-20, respectively. To end label coding or noncoding strands, one member of each primer pair was treated with T4 polynucleotide kinase and [␥-
32 P]ATP. DNA probes generated by PCR by using one labeled primer and one unlabeled primer were separated on a 6% nondenaturing polyacrylamide gel and purified with an Elutip-d column (Schleicher and Shuell) as described previously (49) .
Hydroxyl radical footprinting was performed as described previously (67) The pellet was resuspended with 3.5 l of loading buffer (90% formamide, 0.04% bromophenol blue, 0.04% xylene cyanol in Tris-borate buffer) and heated for 1.5 min at 90°C before it was loaded onto an 8% polyacrylamide-urea gel. The same primer that was used for labeling of the probe was used for dideoxy sequencing with a Thermo Sequenase cycle sequencing kit (U.S. Biochemicals), and the sequencing reactions were performed together with the footprinting reactions. The gel was electrophoresed at 60 W and dried, and then it was analyzed by using a PhosphorImager (Molecular Dynamics).
In vitro runoff transcription. The linear templates used for in vitro transcription assays were amplified by PCR by using primers oMN99-89 and oMN99-90 (positions Ϫ185 to 79 of hmp), primers oHG-7 and oHG-1 (positions Ϫ138 to 96 of nasD), and primers oMN98-24 and oMN98-25 (positions Ϫ169 to 96 of fnr). In order to determine the start sites of transcripts, different hmp (positions Ϫ185 to 61) and nasD (positions Ϫ138 to 66) templates were used, which were amplified with primers oMN99-89 and oMN98-22 and primers oHG-7 and oMN98-20, respectively. PCR products were purified with a QIA PCR purification kit (Qiagen). The in vitro transcription buffer contained 25 mM Tris-HCl (pH 7.5), 100 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 5 mM MgCl 2 , 0.25 mM ATP, 50 g of bovine serum albumin per ml, 10% glycerol, and 0.4 U of RNasin RNase inhibitor (Promega) per l. ResD or ResE or both were incubated in 20 l of transcription buffer at room temperature for 10 min. RNAP and templates were added at final concentrations of 25 and 5 nM, respectively, and the reaction mixtures were incubated for 10 min at room temperature. ATP, GTP, and CTP (each at a concentration of 100 M), UTP (25 M), and 5 Ci of [␣-32 P]UTP (800 Ci/mmol) were added to start transcription. After incubation at 37°C for 20 min, 10 l of stop solution (1 M ammonium acetate, 100 g of yeast RNA per ml, 30 mM EDTA) was added. The reaction mixture was precipitated with ethanol, and the pellet was dissolved in 3.5 l of loading dye solution (7 M urea, 100 mM EDTA, 5% glycerol, 0.05% bromophenol blue). Transcripts were analyzed on an 8% polyacrylamide-urea gel. RNA markers were prepared by using the Decade marker system protocol (Ambion Inc.).
Phosphorylation of ResD by ResE. ResE (1 M) with or without 1 M ResD (wild-type or the D57A mutant protein) was incubated in 50 l of transcription buffer containing 0.22 M [␥- 32 P]ATP at room temperature. After incubation for 5, 10, and 15 min, 10 l of the reaction mixture was added to 4.5 l of 5ϫ sodium dodecyl sulfate (SDS) loading buffer (60 mM Tris-HCl [pH 6.8], 25% glycerol, 2% SDS, 0.3 M DTT, 0.1% bromophenol blue). The protein samples were separated on an SDS-12% polyacrylamide gel, and the dried gel was analyzed by using a phosphorimager. Measurement of ␤-galactosidase activity. B. subtilis cells were grown aerobically and anaerobically in 2ϫ YT supplemented with 1% glucose, 0.2% potassium nitrate, and appropriate antibiotics in the absence or presence of 1 mM IPTG. The anaerobic cultures were prepared by filling tubes with a cell suspension as described previously (52) . Cells were inoculated (starting optical density at 600 nm, 0.02) from cultures grown overnight on DS agar medium (47) . Samples were withdrawn at time intervals, and ␤-galactosidase activity was determined as previously described (47) and was expressed in Miller units (42) .
RESULTS
ResD binds tandemly to upstream regions of the hmp and nasD promoter. A previous DNase I footprinting analysis revealed that ResD interacts directly with upstream regulatory regions of the anaerobically induced genes hmp, nasD, and fnr (49) . ResD binds to the region at approximately positions Ϫ40 to Ϫ75 relative to the transcription start sites of the hmp and nasD promoters and to the region at approximately positions Ϫ48 to Ϫ62 of the fnr promoter (49) . Because some regions showed intrinsic resistance to DNase I, it was difficult to delimit the binding sites. In order to localize the binding sites more precisely and also to examine the contacts between ResD and the DNA backbone, a hydroxyl radical footprinting analysis was carried out (Fig. 1) . ResD protected five regions between positions Ϫ40 and Ϫ85 of the coding and noncoding strands of hmp. The protected regions were separated by approximately 10 bp except for the two binding sites proximal to the promoter, which were separated by 5 bp. There are five protected regions separated by 10 bp between positions Ϫ45 and Ϫ95 of the coding and noncoding strands of nasD. The protected regions obtained by using ResD in the presence of ResE were similar to those obtained with ResD alone; however, the phosphorylation of ResD stimulated the binding of ResD to the target DNA, especially in the hmp regulatory region. The protection of the hmp coding strand by ResD was not enhanced in the presence of ResE if ATP was omitted from the reaction mixture, indicating that the stimulatory effect of ResE is dependent on ATP. We did not obtain reproducible results for hydroxyl radical footprinting for fnr, probably due to the low binding affinity of ResD to the fnr regulatory region, as shown previously (49) . Figure 2 summarizes the results of the hydroxyl radical footprinting experiments. A monomer of the OmpR family of response regulators, such as OmpR and PhoB, binds to DNA that spans approximately 10 bp (9, 19, 21, 26, 37, 40, 54) . Taken together, our footprinting results suggest that five ResD monomers bind tandemly to the same face of the DNA helix except at the most promoter-proximal binding site of hmp.
ResD activates in vitro transcription of hmp, nasD, and fnr, and phosphorylation of ResD markedly stimulates transcription. The hydroxyl radical footprinting experiment and the DNase I footprinting analysis indicated that ResD activates transcription of hmp, nasD, and probably fnr by directly interacting with the promoters. Previous work demonstrated that ctaA transcription in vitro was stimulated by phosphorylated ResD (ResDϳP) (55) . It has also been shown that hmp transcription in vitro is activated by ResDϳP, but the question of how phosphorylation affects ResD-dependent transcription was not addressed (53) . We wished to determine whether ResD is also sufficient to activate the transcription of anaerobically induced genes for two reasons. First, ResD is needed for both aerobic and anaerobic respiration. Hence, it is possible that to achieve higher gene expression under anaerobic conditions, ResD must be assisted by another coactivator. Alternatively, the stronger induction might be caused by a higher ResD phosphorylation level. Second, a previous gel retardation analysis showed that larger amounts of ResD are required for binding to fnr than for binding to hmp and nasD, and phosphorylation of ResD had no significant stimulatory effect on the binding affinity to fnr, unlike the effect on the binding affinity to hmp and nasD (49) . This result could be explained by involvement of another protein that stabilized a complex between ResD and the fnr promoter, leading to activation of transcription. Therefore, we tested these possibilities by examining in vitro runoff transcription of the anaerobically induced promoters using B. subtilis RNAP, ResD, and ResE.
When ResD and ResE were purified by one-step affinity column chromatography as described previously (49), we found that in vitro transcription was activated by ResD but the phosphorylation state of ResD had only a minor effect on stimulation. Therefore we made two modifications to the purification method. First, nucleic acids were removed from the ResD preparation by precipitation with streptomycin sulfate (the absence of contaminated nucleic acids in the purified ResD preparation was confirmed by agarose gel electrophoresis followed by staining with ethidium bromide). Second, the ResD protein that eluted from the chitin affinity column was further purified by DEAE-Sepharose chromatography (see Materials and Methods). Similarly, ResE was purified by affinity chromatography, followed by purification by Hi-Q column chromatography.
In vitro transcription by using the ResD and ResE proteins prepared by the new purification method showed that phosphorylation markedly affected the activity of ResD; therefore, all experiments described in this paper were carried out with these proteins. In the absence of ResD and ResE, the levels of the transcripts of hmp (Fig. 3A) , nasD (Fig. 3B) , and fnr (Fig.  3C) were very low or the transcripts were hardly detected (lanes 1). Increased amounts of unphosphorylated ResD slightly stimulated transcription (Fig. 3, lanes 2 to 4) . In addition to the transcripts of the expected sizes (86 nucleotides for hmp, 96 nucleotides for nasD, and 101 nucleotides for fnr; note that extra nucleotides in the hmp and fnr transcripts originated from the PCR primers used for amplification of the templates), additional longer transcripts were detected for hmp (126 and 97 nucleotides) and for nasD (112 nucleotides) (the sizes of the transcripts were estimated by sequence ladders, which are not shown in Fig. 3 , together with RNA markers). Transcription was greatly stimulated in the presence of ResD and ResE, indicating that phosphorylation of ResD enhances transcription initiation (lanes 5 to 7).
Amino acid sequence alignment of ResD with other response regulators suggested that Asp57 is the phosphorylation site. To further examine the effect of ResD phosphorylation on transcription, the aspartate residue was replaced by alanine, and the mutant ResD was overproduced and purified from E. coli as described in Materials and Methods. Transcription was stimulated by the mutant ResD (D57A) protein to a level similar to that stimulated by unphosphorylated wild-type ResD (Fig. 3, compare lanes 2 to 4 and lanes 8 to 10) , and the amounts of the transcripts were not further increased in the Although hmp transcription and nasD transcription were shown to start in vivo at a single site (29) and two adjacent sites (46) , respectively, in vitro transcription also produced longer transcripts, indicating that additional transcription start sites were utilized in vitro. Since the amounts of the longer transcripts were also increased by ResD and by ResDϳP in par- ticular, we examined how these transcripts were generated by using new templates for hmp (positions Ϫ185 to 61) and nasD (positions Ϫ138 to 65) for in vitro transcription. Each new template has the same upstream end as the other template and a shortened downstream end. If the additional transcription started upstream of the transcription start site utilized in vivo and transcription proceeded in the same direction, hmp transcripts should have been shorter with the new templates (68, 79 , and 108 nucleotides instead of 86, 97, and 126 nucleotides). Similarly, the sizes of the nasD transcripts should have been reduced to 71 and 87 nucleotides (again, extra nucleotides were generated from oligonucleotides used to amplify the templates by PCR). If the additional transcription proceeded in the opposite direction by using the complementary strand as a template, the size of the shortest transcript, but not the size of the larger transcript(s), should have been changed. The results shown in Fig. 3D indicate that the sizes of the transcripts corresponded well to the sizes predicted by the first possibility. A sequence similar to the Ϫ10 sequence (TATAAT) recognized by A -RNAP was present upstream of each transcription start site (Fig. 2) . These results showed that ResD activated hmp and nasD transcription in vitro at an additional transcription start site(s) in addition to the native transcription start site (see Discussion).
Aspartate 57 of ResD is required for phosphorylation by ResE. The ResD (D57A) mutant was shown to activate in vitro transcription of hmp, nasD, and fnr. Although the stimulatory effect was much lower than that of phosphorylated ResD, the mutant ResD possessed an activity similar to that of unphosphorylated wild-type ResD to activate the transcription in vitro. One possible reason for this is that ResD has an alternative phosphorylation site. The phosphorylation site mutant (D57N) of the chemotaxis response regulator CheY can be phosphorylated at Ser56 by the CheA sensor kinase (4). However, the amino acid corresponding to Ser56 of CheY is Leu in ResD, and the CheY (D57A) mutant was not phosphorylated at Ser56, suggesting that the alternative phosphorylation of ResD is unlikely. To confirm this, we carried out in vitro phosphorylation of ResD by ResE. Figure 4 shows that wildtype ResD was phosphorylated in the presence of ResE and [␥-32 P]ATP, but no phosphorylation was detected in the mutant ResD. This result clearly demonstrated that Asp57 is the phosphorylation residue and that the D57A mutant cannot be phosphorylated by ResE.
Unphosphorylated ResD is able to activate the ResDE regulon in vivo by responding to oxygen limitation. At least in vivo, mutations in resE impair ResD-dependent gene regulation. Hence, it is reasonable to conclude that only phosphorylated ResD can activate transcription of the target genes. However, this conclusion should be carefully drawn because the transcription of resDE from the major resA operon promoter requires ResD and ResE (63) . In fact, in vitro experiments described above indicated that unphosphorylated ResD (D57A) is able to activate the transcription of ResDE-dependent genes in vitro to a lesser extent. Therefore, we decided to examine whether the D57A mutant is able to activate transcription in vivo and, if so, whether the activation is still dependent on oxygen limitation. In order to express the resD gene independently of ResDE, the wild-type and mutant resD genes, placed under control of the IPTG-inducible Pspank-hy promoter (10), were introduced into the amyE locus of the resDE mutant strain. Therefore, in the resulting strains, ResE was absent and ResD was produced solely from the IPTG-inducible resD construct. The expression of three lacZ fusions to the fnr, nasD, and hmp promoters was examined in cells grown under either aerobic or anaerobic conditions.
The expression of nasD and hmp in strains carrying the wild-type resD gene was greatly activated by oxygen limitation, and the expression was dependent on IPTG ( Fig. 5B and C) . In contrast, fnr-lacZ expression was similar in cells grown under aerobic and anaerobic conditions, indicating that the oxygendependent regulation of fnr was largely eliminated by circumventing the autoregulatory pathway of resD expression (Fig.  5A ). This may have been due to the lower fnr induction by oxygen limitation relative to nasD and hmp induction, as well as the stimulatory effect under aerobic conditions of increasing amounts of ResD brought about by an oxygen-independent promoter. The expression of nasD-lacZ and hmp-lacZ in cells carrying Pspank-hy resD (D57A) was activated only in the presence of IPTG under anaerobic conditions (Fig. 5E and F) , although the expression was two-to fourfold lower than that observed in cells bearing the wild-type resD gene. The latter result suggests that the wild-type ResD may be phosphorylated by a noncognate kinase(s) or by small compounds with highenergy phosphate in the absence of ResE, thus leading to higher gene expression. Apparently, this ResE-independent phosphorylation also responds to oxygen limitation. A more important observation in this experiment is that ResD (D57A) was able to activate the ResDE regulon in response to oxygen limitation. This result, together with the in vitro transcription results described here, clearly demonstrated that ResD, without phosphorylation, is able to respond to the redox state of cells and to activate transcription. 
DISCUSSION
In this study we examined both in vivo and in vitro how the response regulator ResD activates the transcription of genes that function in nitrate respiration under oxygen limitation conditions. Previous DNase I footprinting studies demonstrated that ResD binds to the promoter regions of hmp, nasD, and fnr, as well as ctaA, which suggests that ResD directly activates transcription of these genes (49, 69) . Hydroxyl radical footprinting experiments described here revealed that ResD binds tandemly to the same face of the DNA helix at the nasD promoter. OmpR is also known to bind to the same face of the DNA helix as a head-to-tail dimer, with each monomer occupying 10 bp of DNA (18, 19, 21) . OmpR is unable to form a stable complex with DNA as a monomer (18, 21) . Similarly, several monomers of PhoB bind head to tail to successive 11-base direct repeats in the target DNA (9, 37, 54) . The ugpB promoter has 3.5 pho boxes, and in vitro analysis showed that PhoB binds to the pho half site, although deletion of the half site did not affect the expression of ugp in vivo (25) . Therefore, unlike OmpR, PhoB is able to bind DNA as a monomer. Our results also showed that ResD is likely to bind as a monomer to 10-bp regions of the target DNA. The most proximal ResD binding site of hmp is situated on a different helix face of the DNA than the rest of the binding sites. At present, it is not known how this unusual pattern of binding sites in hmp affects transcriptional activation of hmp by ResD. The hydroxyl radical footprinting analysis, together with sequence comparisons, did not provide any solid consensus sequence data for ResD except that the A(A/T)TT sequence is commonly protected.
Our in vitro transcription experiment indicated that ResD is required and sufficient to activate transcription of the anaerobically induced genes. The extent of the stimulation by phosphorylation of ResD varies depending on the target gene. Phosphorylation had the most drastic stimulatory effect on hmp transcription, had a slightly smaller effect on nasD transcription, and had the least effect on fnr transcription, which corresponds well to the level of in vivo activation of each gene observed upon oxygen limitation. Additional transcription start sites detected in hmp and nasD are likely artifacts only seen in vitro. One possible reason for this is that some transcription initiates when less than five ResD monomers bind to the regulatory region and the most upstream or most downstream ResD interacts with RNAP. Alternatively but not mutually exclusively, if the ␣CTD of RNAP interacts with ResD, the linker of the ␣ subunit, which connects the N-terminal and C-terminal domains, allows flexible contact between RNAP and ResD. A previous study showed that the ␣ subunit is flexible enough to allow the CTD to move freely at least 30 bp along the promoter (45) . This suggests that ResD interacts with ␣CTD to activate transcription. Several lines of circumstantial evidence support this possibility. First, OmpR, which is known to interact with the ␣CTD, binds to a region at positions Ϫ107 to Ϫ39 of ompF, and PhoB binds to a region at positions Ϫ63 to Ϫ20 of pstS, closer to the promoter. Our footprinting data indicated that ResD binds to the region between positions Ϫ41 and Ϫ83 of hmp and to the region between positions Ϫ46 and Ϫ92 of nasD. Second, the ctaA gene was transcribed from two promoters utilized by
A and E holo-RNAP, and transcription from both was shown to be stimulated by ResDϳP in vitro (55) . These results support the hypothesis that there is probably an interaction between ResD and ␣ but not between ResD and . Third, ResDE-dependent transcription of hmp was shown to be inhibited by Spx, a newly discovered anti-␣ factor (53) . Last, we have isolated certain amino acid substitutions of the ␣CTD which affect ResDE-dependent gene regulation (unpublished data). It remains to be determined whether ResD interacts with ␣CTD and which step of transcription initiation is controlled by ResD.
Phosphorylation of the N-terminal aspartate has been shown to be the key step in two-component regulatory pathways. Structural analyses of the receiver domains of response regulators have revealed a conformational change involving displacement of ␤ strands 4 and 5, as well as ␣ helices 3 and 4, away from the active site (8, 13, 27, (31) (32) (33) . These structural rearrangements in the receiver domain result in changes that affect the activity of output domains, including dimer-multimer formation (5, 17, 24, 34, 56) , and/or that relieve the inhibitory effect by the receiver domain (3, 6, 15, 16, 23, 37, 66, 68) . Regardless of the mechanism by which phosphorylation affects the output activity, most of response regulators are active in vivo in phosphorylated forms, as shown by the finding that mutations in the cognate kinase gene impair or greatly reduce target gene expression. Some, although not many, exceptions have been reported. The B. subtilis DegU regulator required for production of degradative enzymes and competence development has been shown to function as either a phosphorylated form or an unphosphorylated form depending on the target gene (for a review see reference 44). The conserved aspartate residue is not essential for the activity of BldM, a response regulator involved in the developmental cycle of Streptomyces coelicolor (43) .
Our finding that the ResD (D57A) mutant retains the ability to respond to oxygen limitation is unexpected but interesting because, unlike phosphorylated and unphosphorylated DegU, phosphorylated ResD and unphosphorylated ResD activate the same target genes. E. coli UhpA, a response regulator involved in sugar phosphate transport, also has phosphorylation-independent activity. However, in this case UhpA carrying a substitution of phosphorylated Asp54 with Asn has constitutive activity only when it is overproduced (66) . To our knowledge, this is the first example of a response regulator that is activated by a phosphorylation-independent mechanism and yet responds to the same conditions that are sensed by the cognate sensor kinase. Many unphosphorylated response regulators have been shown to activate transcription in vitro; however, this phenomenon was brought in to question by the recent finding that purified Spo0A from E. coli is already . This may explain why the unphosphorylated response regulator PrrA has more activity in vitro than the protein with the phosphorylation site mutation (14) . In contrast, our results showed that unphosphorylated ResD and the mutant ResD have similar activities for in vitro transcription. Furthermore, compelling evidence that unphosphorylated ResD activates transcription of the target genes was obtained by the in vivo study performed with strains carrying the mutant ResD. At this time we cannot completely eliminate the possibility that a coactivator, which binds tightly to ResD, is responsible for redox sensing. In future studies we will focus on determining whether ResD itself responds to oxygen limitation and, if so, how the redox-related signal is sensed by ResD to activate transcription.
